In the present study, a lepidopteran cell line (Ld-652Y, from the gypsy moth, Lymontria dispor) exposed to Hyposoter fugitivus polydnavirus (HfPV) was found to display a variety of cytopathic effects. These included a transient inhibition of cell proliferation, rounding up, aggregation and apoptosis. In addition, unusual paracrystalline structures appeared within the lumen of the rough endoplasmic reticulum; similar structures were observed in the spherulocytes of parasitized hfolocosomo disstrio.
Introduction
The polydnaviruses constitute a large group of insect viruses which have in common two unusual properties: a genome consisting of polydisperse double-stranded DNA molecules (reviewed by Fleming & Krell, 1993) , and a chromosomal transmission mode Stoltz, 1990) . Replicating only in the ovaries of certain species of parasitic Hymenoptera, the polydnaviruses are designed, ultimately, for export into parasitized host larvae, where they establish what amounts to a form of genetic colonization, their genomes persisting throughout the natural course of parasitization Theilmann & Summers, 1986; Strand eta/., 1992) . In host tissues, polydnavirus genomes are transcriptionally active (Blissard et al., 1986; Strand eta] ., 1992), encoding a number of gene products which appear to be secreted into the haemocoele (e.g. Harwood et al., 1994) . It is widely assumed that virus-specific gene expression is responsible for a variety of physiological changes associated with parasitism, including the suppression of host immune responses (reviewed by Stoltz, 1993) . In studies carried out to date, it may be noted that cytopathological effects (CPE) displayed by host haemocytes are commonly, if not universally, associated with parasitism, and can be duplicated by manual injection of polydnavirus Davies eta] ., 1987; Guzo & Stoltz, 1987) . Accordingly, CPE and immunosuppression in vivo may be causally related. Don Stoltz. Fax + 1 902 494 5125. e-mail dstoltz@is.dal.ca
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We have previously shown that a polydnavirus from the ichneumonid parasitoid, Hyposoter fugitivus, induces a variety of haematological changes in tent caterpillar larvae . The observed changes include a reduced adhesion of plasmatocytes, an increased stability of oenocytoids, and the aggregation of a then unidentified cell type, since recognized as a granulocyte population. In the present study, we wished to determine whether any of these effects could be duplicated in vitro. To that end, we added H. fugitivus polydnavirus (HfPV) to the Ld-652Y lepidopteran cell line. Several independently infected cultures were monitored for possible CPE. We report here that while virus-induced cytopathology was often severe at early times post-infection (p.i.), treated cell populations invariably recovered from these effects. Surprisingly, HfPV DNA was routinely maintained in Ld-652Y cells for long periods of time p.i., apparently in association with high molecular mass chromosomal DNA.
Methods
• Insects. The ichneumonid parasitoid (H. fugitivus) and its host, the forest tent caterpillar (Malacosoma disstria) were reared as described .
• Tissue culture. The Ld-652Y cell line used in our experiments was originally developed from ovaries of the gypsy moth, Lymantria dispar (Goodwin et al., 1978) . The cells were routinely grown at 25 °C in modified Grace's medium (JRH) containing 0'33% yeastolate, 0"33% lactalbumin hydrolysate and 10 % foetal bovine serum, pH 6'5.
• Virus. HfPV was generally used in the form of calyx fluid freshly dissected from wasp ovaries, since purified virus was invariably found to give identical results. In typical experiments, calyx fluid from a single female parasitoid was sufficient to induce CPE in a 25 cm ~ tissue culture flask, with cells at approximately 80% confluency (about I"3 x I06 ceils per flask). Calyx fluid, aseptically dissected out into Grace's medium lacking supplements, was applied to cells in small volumes (0'5 ml) for I h with occasional agitation, after which 2"0 ml of complete medium was added.
• Electron microscopy. Tissue culture cells and M. disstria haemocytes were fixed initially for 1 h at room temperature in 3 % glutaraldehyde in 0"05 M-sodium cacodyIate buffer containing 0"25 M-sucrose. Post-fixation was for 2 h in 2 % OsO 4 in the same buffer, followed by overnight exposure to 0'1% aqueous uranyl acetate. Embedment was in TAAB resin, following dehydration in ethanol.
• SDS-PAGE. Twenty-four hours p.i., Ld-652Y cells were rinsed twice with PBS pH 7'0, and harvested for SDS-PAGE using standard procedures (Laemmli, I970) ; the gel concentration was I2"5%. In an attempt to associate certain polypeptides with particular cell fractions, crude preparations of nuclei, cytoplasmic membranes and organelles, and cytosol were prepared as described (Chen-Levy et al., 1989) . Briefly, 107 cells were rinsed twice in PBS, resuspended in cold hypotonic buffer A (10 mM-HEPES pH 7"8, 2 mM-MgC12 and 0"1 mM-EDTA). Cells were then frozen and thawed 3 times, and centrifuged for 6 min at 1000 g, thus providing a nuclear pellet. The supernatant was further centrifuged for 1 h at i50000g; the pellet in this case consisted of cytoplasmic membranes and organelles, while the supernatant was assumed to contain cytosolic polypeptides.
• Apoptosis. DNA was extracted from Ld-652Y cells as described (McCabe et al., I993) , resuspended in TE buffer (I0 mM-Tris-HCI, I mM-EDTA pH 8) and treated with proteinase K (0"5 ~g/ml) for i h at 37 °C, whereupon samples were re-extracted with phenol~hloroform, precipitated with ethanol, and electrophoresed into a 1"8% agarose gel.
• Nucleic acid hybridization. Both viral and high molecular mass chromosomal DNAs were isolated using a high salt procedure, essentially as described (Laitinen et al., I994) . Briefly, virus or cell preparations were lysed in 0"5 x reticulocyte standard buffer (RSB; 10 mM-Tris-HC1, 10 mM-NaC1, 3 mM-MgC12, pH 7'4) containing 0"5 % NP40. Following sequential RNase A and proteinase K digestions, samples were brought to 1"2 M-NaC1 and mixed by inversion. Precipitated proteins were then removed by repeated centrifugation at 500 g for I5 rain. Finally, DNA was precipitated from solution in the presence of 2"5 M-ammonium acetate with the addition of 2 vols of 95 % ethanol, and harvested by centrifugation (10000g, 15 rain). After drying, DNA pellets were resuspended in TE buffer. DNA samples were run into 0"7 % agarose gels, blotted onto neutral nylon membranes (Boehringer Mannheim), and immobilized by UV cross-linking. HfPV DNA was labelled using random primers including fluorescein-12-dUTP, as per instructions provided by the manufacturer (Dupont/New England Nuclear). All subsequent manipulations (prehybridization, hybridization and detection) were carried out according to the manufacturer's instructions. Hybridization signals were recorded using NEN Reflection film. In our experience, we were routinely able to detect 5 ng of HfPV genomic DNA following a 5 rain exposure using whole viral DNA as probe (data not shown).
Results

Granulocyte aggregation in vivo
Since one object of this study was to determine whether any of the CPE induced by HfPV in vivo could be duplicated in vitro, it was felt necessary to first determine which cell type was involved in the formation of the haemocyte clumps described earlier . To this end, we examined M. disstria haemocytes at various time periods post-oviposition (p.o.), and observed that granulocytes (GRs) began to coaggregate beginning at approximately 6 h p.o. (Fig. 1) ; much larger GR clumps were present at 12-24 h p.o. (not shown). 
Cell morphology and growth changes in vitro
Control Ld-652Y cells are shown in Fig. 2 (a) . Beginning at 4-5 h p.i., Ld-652Y cells were observed to round up and become less adherent to the substrate; this change was most evident in the case of a subpopulation of spindle-shaped cells, which became significantly reduced by that time. Coincident with this, cells began to aggregate laterally, eventually forming three-dimensional aggregates (Fig. 2b) . Electron microscopy revealed the presence of unusual membrane-bound paracrystalline arrays in Ld-652Y cells 24 h p.i. (Fig. 3) . Preliminary observations suggested that these structures might be associated with or located within cisternae of the rough endoplasmic reticulum, subsequently moving into larger vesicles lacking ribosomes, but further work will be required in order to clearly document any such pathway. These structures were not observed within control cells, nor were they observed in cell populations that had resumed normal growth. Interestingly, identical structures were observed in cells exposed to plasma taken from parasitized M. disstria larvae (24 h p.o.), but not in the case of control plasma; however, this observation is difficult to interpret, since at this point in time cell-flee HfPV virions appear to be still present in the haemolymph of parasitized larvae (unpublished observations). It was initially thought that this material was absent in the case of parasitized larvae, but careful examination of fixed haemocyte pellets has recently revealed the presence of apparently identical paracrystalline arrays (Fig. 3) ; these were associated almost exclusively with spherulocytes, approximately 40 % of which were affected 5 days post-parasitization. Ld-652Y cells exposed to virus routinely exhibited symptoms of apoptosis. Cytoplasmic blebbing (Fig. 4) was first observed at approximately 24 h p.i., but involved relatively few cells (< 1%) at that time; by 48 h p.i., 5-10% of cells exhibited this form of CPE. Degradation of chromosomal DNA into characteristic ~ 200 bp ladders was obvious by 48 h p.i. (Fig. 5) . As might be expected, growth of infected cell cultures was adversely affected by these various cytopathologies (Fig. 6 ).
SDS-PAGE
Increased amounts of two polypeptides, at 8 and 23 kDa, were routinely revealed by Coomassie Blue staining following HfPV infection of Ld-652Y cells (Fig. 7a, lane 3) . The smaller
Maintenance of viral DNA in Ld-652Y cell populations
Southern blotting experiments revealed that HfPV-specific DNA was routinely maintained in Ld-652Y cell populations that had recovered from the CPE associated with viral infection (Fig. 8) . Moreover, Southern blot hybridization suggested that the viral DNA might be associated with high molecular mass, presumably chromosomal, DNA (Fig. 8) . When cellular DNA was digested with EcoRI and subsequently probed with HfPV DNA, both a smear and a distinct hybridization signal at 3"2 kbp were observed; this pattern was characteristic of several independently infected Ld-652Y populations, all of which have been maintained in culture for periods ranging from 1"5-2 years. polypeptide could also be induced by exposure of these cells to either tissue culture supernatants from polydnavirus-infected cells (Fig. 7 b, lane 5) or plasma taken from parasitized M. disstria larvae (Fig. 7c, lane 4) . Both polypeptides were most readily detected at 2 days p.i. Preliminary cell fractionation work suggested that the 8 and 23 kDa polypeptides may be localized in the cytosolic (Fig. 7d , lane 3) and nuclear fractions (Fig. 7e, lane 5) , respectively. Use of a tricine-based protocol for protein separation (Schagger & von Jagow, 1987) provided essentially similar results, and identified no additional virusinduced polypeptides (not shown).
Recovery of cell cultures exposed to HfPV
Following an initial wave of CPE, cultures exposed to virus were observed to recover over time; typically, a period of 3-4 weeks was required before cell numbers began to significantly increase. Recovered cell populations differed from control cultures in a number of respects. For example, cell populations which had recovered from the initial effects of virus infection often but not always exhibited a more tenuous association with the substrate upon which they were growing. In addition, tissue culture supernatants were typically cytotoxic, inducing some combination of aggregation, apoptosis and growth inhibition when added to control Ld-652Y cells; however, this effect was observed only during the period when infected cells were themselves exhibiting CPE.
Discussion
In developing in vitro models for polydnavirus infection, the hope is that at least some of the factors that lead to successful parasitism in vivo may be rendered more amenable to investigation in vitro. Successful parasitism has in many cases been clearly shown to be dependent upon the presence of polydnaviruses, the activity of which has been linked to an immunosuppression of the host animal, this in turn perhaps mediated by polydnavirus-induced cytopathologies involving effector haemocytes. Haematological changes are assumed to require gene expression from viral genomes maintained within one or more host tissues throughout the natural course of parasitization (reviewed in Stoltz, 1993) .
We sought to determine whether some of the events associated with parasitism could be duplicated in vitro, using Ld-652Y cells; this cell line is derived from the gypsy moth, Lymantria dispar. It should be noted that while L. dispar is not a permissive host for H. fugitivus, it is nonetheless readily attacked by this parasitoid and previous work suggested to us that polydnavirus DNA is maintained in vivo in both permissive and non-permissive host animals (Stoltz eta]., 1986) . As shown here, Ld-652Y cells can be readily infected in vitro with HfPV virions; to our knowledge, this represents the first investigation of ichnovirus infection in vitro. The same cell line can also be infected with at least three different bracoviruses, namely, those isolated from Cotesia melanoscela (Stoltz eta] ., 1988), Glyptapanteles indiensis and G. porthetriae (unpublished observations). In every case, marked CPEs have been observed, typically within 24 h p.i. In the present instance, aggregation and rounding up of cells followed by apoptosis were routinely observed. In parasitized M. disstria larvae, aggregation of granulocytes occurs within hours following parasitization (present study), as does rounding up of plasmatocytes ; interestingly, apoptosis has not been observed in vivo, following parasitization of either permissive (M. disstria) or non-permissive (L. dispar) hosts (unpublished observations). Obviously, in comparing in vivo with in vitro scenarios, it can only be said that both similarities and differences appear to exist; it is impossible at .~32( this point to known which, if any, of these are of particular significance. It should also be noted that while polypeptides induced by ichnovirus infection were readily detected in vitro (present study), no obvious changes in haemolymph polypeptide profiles have as yet been observed in vivo.
During the course of this study, an unusual tubulovesicular structure, often in paracrystalline array, was observed in the cytoplasm of both virus-infected Ld-652Y cells and in spherulocytes from parasitized M. disstria larvae. As far as we are aware, these structures are unlike any previously described cellular structure or organelle. We assume at present that their appearance, or induction, occurs in response to HfPV activity; this view would seem to be supported by the observation that this material has now been detected in HfPV-infected cell populations derived from two different lepidopteran species.
That Ld-652Y cell populations routinely 'recover', in time, from the CPE induced by HfPV infection is of considerable interest, since a similar phenomenon occurs in vivo Lavine & Beckage, 1995) . Specifically, immunosuppression in M. disstria larvae parasitized by H. fugitivus is, at least in some respects, transient. For example, manual injection of yeast cells within 1-3 days post-parasitization results in a lethal infection; after that, yeast cells are very effectively cleared from the haemolymph, suggesting either that previously compromised phagocytes have regained normal function, or else previously unaffected cell populations have significantly increased in number. At present, it is not possible to distinguish between these two scenarios, nor is it clear how populations infected in vitro finally recover and resume proliferating. Interestingly, preliminary electron microscopic observations suggest that infection of Ld-652Y cells by HfPV may be relatively inefficient judging from the difficulty encountered in finding intracellular virus particles, even after exposure of cells to highly concentrated calyx fluid preparations (unpublished observations). Yet, CPE typically appeared to be extensive, suggesting that most cells might indeed have been infected, if only by a few particles; alternatively, noninfected cells might in theory be eliminated by some factor secreted into the medium by infected cells. In keeping with this suggestion, infected cell culture supernatants were found to be transiently cytotoxic for control Ld-652Y cells.
Potentially the most intriguing observations emerging from the present study relate to the duration of HfPV DNA carriage, as well as the nature (topology) of the DNA maintained in several independently infected cell populations. Several populations which have recovered from the effects of HfPV infection have been serially passaged for at least 24 months; that each still carries HfPV DNA indicates that carriage must be considered to be essentially permanent. Surprisingly, our Southern blot hybridization data tend to suggest that this DNA might be maintained in chromosomally integrated form. While as yet inconclusive, the evidence in support of this supposition rests upon the consistent observation of a strong hybridization signal in the case of high molecular mass DNA extracted from previously infected Ld-652Y cultures. This observation, if valid, would seem to be at variance with observations to the effect that viral genome segments are maintained in vivo in extrachromosomal form Thei]mann & Summers, 1986) .
In the present study, we have shown that ichnovirus infection can be studied in vitro, using an established insect cell line. It might be predicted that information derived from this particular system will not prove to be entirely relevant to events occurring in parasitized host animals; accordingly, it will in some cases be more advantageous to conduct in vitro studies using haemocytes themselves (e.g. Strand, 1994) . Nonetheless, it is obviously easier to make use of established cell lines where these can be shown to provide potentially useful information. In the present instance, we have demonstrated that both CPE and recovery of infected cell populations occur in vitro, as also occurs in vivo; it can reasonably be argued that at least some aspects of these phenomenona may have been duplicated in vitro, an assumption that might profitably be addressed in future through comparative Northern blot analysis. Finally, while long-term ichnovirus DNA carriage apparently occurs both in parasitized larvae (Theilmann & Summers, 1986; Strand et al., 1992) and in Ld-652Y cells (present study), it would seem that the mechanisms involved may be fundamentally different: in larvae, circular viral DNAs are maintained, whereas in Ld-652Y cells viral DNA appears to be associated with high molecular mass cellular DNA, possibly in chromosomally integrated form.
